The mouse is the mammalian model of choice for investigating cardiovascular biology, given our ability to manipulate it by genetic, pharmacologic, mechanical, and environmental means. Imaging is an important approach to phenotyping both function and structure of cardiac and vascular components. This review details commonly used imaging approaches, with a focus on echocardiography and magnetic resonance imaging and brief overviews of other imaging modalities. We also briefly outline emerging imaging approaches but caution that reliability and validity data may be lacking. C 2016 by John Wiley & Sons, Inc.
INTRODUCTION
Cardiovascular diseases remain a leading cause of morbidity and mortality around the world, but particularly in developed societies (Mozaffarian et al., 2015) . Much of the research into their causes and treatments relies on animal models. The mouse has emerged as the mammalian model of choice, due to its parallels to human cardiovascular physiology and human development, as well as our ability to modify mouse genetics. Cardiovascular imaging plays an important role in studying adult mouse cardiovascular physiology and pathophysiological processes, where important questions focus on myocardial infarction, atherosclerosis, pathologic hypertrophy, and heart failure. In addition, investigations into cardiovascular development are important for several reasons. First, congenital heart defects are the most common birth defect, occurring in approximately 1% of all live births; prenatal incidence is approximately 10-fold higher than postnatal incidence (Hoffman, 1995; Hoffman and Kaplan, 2002) . Second, the concerted effort that is the International Mouse Phenotyping Consortium aims to knock out every single gene in the mouse genome, and it is estimated this will lead to prenatal lethality in some 30% of knockouts; thus, there will be a wealth of information on how gene function affects embryonic development and how loss of many genes will affect cardiovascular processes (Adams et al., 2013; Norris et al., 2013) . Finally, an understanding of heart development and particularly myocardial development forms the basis for much of regenerative cardiovascular medicine.
Imaging of mouse cardiovascular biology focuses primarily on myocardial and vascular function. Cardiac and vascular imaging in mice is challenging due to the small size of these structures, high heart rates, and the need, in most cases, for sedation. Most in vivo cardiovascular imaging is accomplished using ultrasound (echocardiography; highresolution ultrasound is also called ultrasound biomicroscopy [UBM] ) and to a lesser extent, magnetic resonance imaging (MRI). Imaging systems must be optimized for adequate spatial and temporal resolution, all the while maintaining as close to normal a physiological state as possible. Trade-offs in structural visualization and high frame rates, however, may be acceptable depending on the question being addressed. For most mouse biologists, echocardiography is readily available, although local expertise in hands-on imaging may be variable; therefore, this review focuses in more detail on cardiovascular ultrasound imaging. MRI is a more specialized approach and complements cardiovascular ultrasound in specific circumstances. In this article, we detail experimental imaging protocols commonly used in our laboratories in both the prenatal and postnatal mouse, while also touching on additional imaging options in more specialized areas.
IMAGING CONSCIOUS VERSUS ANESTHETIZED MICE: CONSIDERATIONS FOR ANESTHESIA
Concerns about anesthesia include depression of myocardial function and heart rate, as well as autonomic reflex control. Echocardiography can be performed in either conscious or anesthetized mice. (Note: MRI cannot be done in conscious mice.) While some investigators have advocated for echocardiography of conscious mice due to a more physiological state, this approach requires training the mice over several days prior to imaging-which may not be feasible for studies of cardiovascular development-and can also result in stress in the mouse during imaging, resulting in physiological variability. Different anesthetics exhibit different effects on cardiovascular physiology; none are perfect. A recent study from the Vatner lab suggests that intraperitoneal avertin alone may exert the least effects on cardiovascular parameters (Pachon et al., 2015) . Moreover, at least one study has suggested that deep sedation with morphine/midazolam exerted less of a depressive effect on cardiac function than general anesthesia with isoflurane in mice undergoing MRI imaging (Berry et al., 2009) . Ketamine/xylazine fared worse than isoflurane, however (Kober et al., 2004) , and it should be noted that one needs to consider the respiratory artifacts induced by different concentrations of isoflurane (Kober et al., 2004) . Most labs use inhalational isoflurane, which had been touted by Roth et al. (2002) as the optimal anesthetic agent. Our labs use primarily isoflurane; importantly, we use a consistent approach to anesthesia for all mice, to reduce variability between mice and experimental groups. We also believe isoflurane is the preferred anesthetic when serial (e.g., daily) imaging is required-as we have performed in certain experimental protocols Nomura-Kitabayashi et al., 2009 )-as we have concerns about the pharmacokinetics and half-lives of injectable anesthetics when administered daily. Detailed data on effects of anesthesia are beyond the scope of this article and can be found elsewhere (Roth et al., 2002; Gao et al., 2011; Pachon et al., 2015) . will achieve an axial resolution of 40 to 70 μm, which is more than adequate for a left ventricle (LV) that is typically 2 to 4 mm internal diameter. The temporal resolution of current imaging systems is now in the range of 200 to 500 frames/sec, depending on the field of view. A history of the technical innovations leading to "micro-ultrasound" (ultrasound biomicroscopy) was published by Foster et al. (2011) .
The goals of mouse cardiac imaging include: (1) functional analysis of the myocardium, typically of the LV; (2) functional analysis of valves, mostly the left-sided valves (mitral and aortic); (3) analysis of flow, for example in transverse aortic constriction; and (4) miscellaneous applications, including pulmonary artery flow and right ventricle analysis. Most of the literature on mouse echocardiography focuses on effects of genetic, pharmacologic, and mechanical manipulation (coronary ligation, transverse aortic constriction) of the LV, reflecting the highest-priority heart diseases of coronary artery disease, heart failure, and cardiomyopathy.
NOTE: All protocols using live animals must first be reviewed and approved by an Institutional Animal Care and Use Committee (IACUC) and must conform to governmental regulations regarding the care and use of laboratory animals. 2. Place the mouse in the anesthetic induction chamber.
Materials

Mouse of interest
3. Mix isoflurane with medical oxygen, typically 2% to 3% at 1 liter/min flow, to induce sedation in the induction chamber.
4. Quickly transfer the mouse from the induction chamber to the imaging platform, and place its nose in the anesthetic nosecone. Re-route the isoflurane/oxygen mixture to the warming pad/imaging platform but maintain at the higher level until after removing fur. Determine the level of sedation by paw pinch, corneal reflex, and level of respirations (both rate and amplitude).
5. Tape the paws to the EKG leads on the warming platform.
The tips of the paws should be uncovered so the EKG electrode gel can make contact with both the paws and the EKG pads on the platform.
In addition to monitoring the anesthetized mouse, the EKG can detect cardiac rhythm disturbances that may lead to further scientific questions in a particular mouse model (Danielson et al., 2013). 6. Remove fur from the chest as follows:
a. Apply a generous amount of 70% ethanol to both the left chest and most of the right chest, including the superior (cranial) and inferior (caudal) margins of the thoracic cage. 7. Reduce the isoflurane to 1%. Determine the level of sedation by paw pinch, corneal reflex, and level of respirations (both rate and amplitude).
8. Begin warm air convection.
9. Insert the thermistor probe into the rectum.
The probe should be well in, and taped securely in place, to accurately reflect the core temperature of the mouse 10. Apply EKG gel to paws and EKG leads, and adjust the EKG tracing on the imaging system. The transducer (blue rectangle) is oriented along the long axis of the heart, typically with the long edge of the probe aimed towards the right shoulder of the mouse. The imager must move up or down the chest to obtain an appropriately angled image (see Fig. 2 ). (B) Parasternal short axis view. If the heart is orthogonal to the transducer, all that needs to be done is to rotate the transducer 90°clockwise. The mid-LV level is good for determination of cardiac function (level of the mitral valve papillary muscles); while at the base of the heart, the aortic valve and pulmonary arteries can be seen. 13. Obtain a number of imaging planes as shown in Figures 1, 2 , and 3. In the short axis view, make sure you have an orthogonal plane of imaging for the most accurate determination of shortening fraction and LV dimensions. Then start with the left parasternal area and obtain a long axis view of the heart to ensure you are orthogonal in the short axis (Figs. 1 and 2A-C).
Approximate transducer positions on the mouse chest are shown in Figure 1 .
In the short axis views, the base of the heart can be visualized as one scans more cranially, demonstrating the aortic valve and proximal pulmonary artery (not shown).
The so-called apical 4-chamber view (Fig. 1C ) is difficult to achieve in our experience and others', but one can also image the mitral and aortic valve function in this view (Fig. 2D and E) along with spectral Doppler of mitral inflow (Fig. 2F) .
Figure 3 demonstrates size differences in the parasternal short axis view, as well as our approach to imaging the neonatal mouse. Figure 4 demonstrates selected right heart imaging; the reader is referred to a review from Sherrer-Crosbie's group on assessment of murine pulmonary arterial pressures (Thibault et al., 2010) . 14. Perform 2D (or B-mode) imaging. 
Monitor all mice post-anesthesia.
Mice recover from isoflurane within a few minutes, but may take far longer from injectable anesthetics.
Perform post-imaging analysis.
Using the software within the imaging system, we make a number of measurements (detailed in Table 1 ). One needs to be careful in the selection of experimental groups: different mouse strains are known to exhibit somewhat different morphologic and functional parameters (Ram et al., 2011) . It is also preferable that the observer is blinded to the experimental condition to avoid measurement bias.
Specialized Echocardiographic Techniques Strain imaging: Speckle-tracking echocardiography
Known also as deformation imaging, echocardiographic strain imaging ( Fig. 5 ) examines myocardial shortening-the extent to which a small region of myocardium shortens, or deforms. This is different from fractional shortening or ejection fraction (see above), which is a measure of change in ventricular cavity size. Speckle tracking is a postprocessing computer algorithm based on the B-mode gray scale tracking of 2D "speckles" or "kernels;" the imaging system essentially tags the myocardium and tracks its motion (in this case, the shortening of a region of myocardium). While strain is the amount (percentage) of deformation, strain rate is the first derivative or the rate (velocity) of deformation, adding additional functional information. Clinical studies have indicated that strain and strain rate imaging are more sensitive to changes in myocardial function (and in particular contractility), while also providing more information on regional wall motion (Gorcsan and Tanaka, 2011; Forsey et al., 2013; Boyd et al., 2015) .
High-frequency, small animal ultrasound imaging systems such as the Vevo 2100 have strain and strain rate imaging capabilities. This approach has been applied to mouse models of cardiac dysfunction (for examples, see Peng et al., 2009; Bauer et al., 2011; Bauer et al., 2013; Bhan et al., 2014) . Strain and strain rate are typically determined from different views (parasternal long axis, parasternal short axis, apical 4-chamber) and in three directions (longitudinal, radial, and circumferential; Ram et al., 2011) . Global as well as regional dysfunction can be determined, and strain indices appear to be Cardiovascular Imaging in Mice Phoon et al., 2000; Phoon et al., 2002; Phoon and Turnbull, 2003; Liu and Rigel, 2009; Gao et al., 2011; Ram et al., 2011; Fayssoil et al., 2013; Moran et al., 2013. more sensitive than traditional indices of global ventricular function such as shortening fraction. In our opinion, validation data are sparse, however. Considerations for strain imaging in mice include:
Images are obtained as for routine B-mode (2D) imaging, from the parasternal windows. Since strain imaging depends on accurate tracking of speckles or kernels, image quality must be excellent for all segments imaged. The field of view should be coned down to maximize the frame rate (>200 frames/sec), which will help the Cardiovascular Imaging in Mice
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Volume 6 Current Protocols in Mouse Biology Examples of poor strain data and pitfalls of strain imaging (highlighted areas). In C, the speckle tracking is poor, even though the heart is normal, resulting in wide variations in strain during systole. D shows our typical experience with newborn pup hearts, which do not appear to track well at all, despite reasonable B-mode images.
post-processing algorithm track the echocardiographic speckles. Any shadowing artifact will result in "reduced" strain in the involved (shadowed) segment and lead to an underestimate of global strain, as well as an artifactual "regional wall motion abnormality." Published experience suggests the parasternal long axis view works well, but not the short axis view. Much of the data in mouse have focused on the utility of longitudinal strain from the parasternal long axis view (Bauer et al., 2011; Bauer et al., 2013; Bhan et al., 2014) . We have concerns about the apical segment of the parasternal long axis view (unpublished data). Theoretically, the short axis would be highly valuable in determining regional deformation abnormalities post-myocardial infarction, but obtaining ideal images from all segments remains challenging. The apical 4-chamber view is not useful in mice, since it cannot be obtained as well as in human patients. Figure 5 shows some of our experience with the short axis view.
Pharmacological stress echocardiography
Stress echocardiography images the myocardium during increased oxygen demand imposed by either physical exercise or pharmacological stimulation (Boyd et al., 2015) . Stress testing may unveil cardiac dysfunction not apparent at baseline, particularly when a mouse is anesthetized (Bernstein, 2003) and may also exaggerate regional wall motion abnormalities due to ischemia (Boyd et al., 2015) . Stress testing in mice is performed using a pharmacological agent such as a β-adrenergic agonist (isoproterenol, dobutamine; see Gao et al., 2011) :
We use i.p. isoproterenol (0.2 mg/ml, dissolved in a physiological saline solution such as Hanks balanced salt solution or physiological-buffered saline). Since we inject 0.2 ml per 20 g body weight, this translates into 2 mg/kg. We then image in the parasternal short axis view for fractional shortening at various time points, typically 1, 3, 5, and 10 min. We find a sharp increase in the heart rate and contractile function within 30 sec post-injection, with near obliteration of the LV cavity. In normal hearts, the increases in cardiac function persist through 10 min, whereas in cardiomyopathic hearts, the responses can be significantly blunted (unpublished data).
Miscellaneous approaches to studying myocardial function
Additional approaches include myocardial contrast echocardiography to measure myocardial perfusion Foster et al., 2011; Ram et al., 2011; Moran et al., 2013) , elastography to measure regional myocardial function (Luo and Konofagou, 2008) , and coronary flow reserve, usually of the left coronary artery under conditions of myocardial damage or stress (Ram et al., 2011; Mercier et al., 2012) . The reader is referred to these papers and reviews for further details.
Prenatal Assessment of the Embryonic/Fetal Mouse Cardiovascular System
The advantages of ultrasound/ultrasound biomicroscopy include rapid acquisition times and in vivo imaging with good spatial resolution. However, image contrast tends to be poor relative to other imaging modalities (Norris et al., 2013) . Clearly, prenatal cardiovascular imaging of the mouse is far more challenging than postnatal imaging. Gui et al. (1996) first described their technique using a clinical 7 MHz ultrasound system, followed by our lab's approach with a prototype 40 MHz scanner (Srinivasan et al., 1998) . With the advent of high-frequency ultrasound imaging systems and probes, arose innovative imaging approaches. Challenges include the far smaller size of the target (mouse embryos or fetuses), the number of mice within the uterine sacs, random orientation of the organism, and movement within the uterus. Although mouse and human heart development are nearly parallel, important differences exist in their overall timelines (Phoon, 2001; Krishnan et al., 2014) . Nevertheless, such imaging has been able to address important questions in developmental cardiology and hematology (Phoon, 2006) . Although cardiac structures are less often emphasized, our lab and others have been able to detect congenital cardiac malformations prenatally.
Materials
Mouse of interest Isoflurane Medical oxygen (optional) Ultrasound (acoustic coupling) gel Scale (to weigh mouse) Anesthesia setup Anesthetic induction chamber Isoflurane distributor Mouse anesthesia nosecone delivery system High-resolution ultrasound imaging system coupled to the anesthesia setup and warming pad that doubles as an imaging platform Electrocardiography (EKG) system including EKG leads and electrodes (usually incorporated into the imaging platform) Strips of tape, cut to size (for paws) Hair dryer (for warm air convection) or warming lamp 1. Perform steps 1 through 10 of Cardiac imaging: Postnatal ultrasound (echocardiography) for neonatal, juveniles, and adults.
2. Once the core temperature is physiological and stable (takes several minutes) with a stable heart rate (Roth et al., 2002) , apply the acoustic coupling gel to the abdomen.
In our experience, acoustic coupling gel on the gravid (pregnant) abdomen tends to cool the core temperature far more than when applied to the chest. Therefore, we tend to allow the core temperature to rise to 38°C before application of gel. When gel is applied, the core temperature tends to fall by 1°C. 3. Monitor the pregnant mouse's heart rate to make sure conditions are good for the embryos or fetuses.
Heart rates of sedated mice are typically 400 to 500 bpm. For obvious reasons, we do not image conscious pregnant mice.
4. Begin imaging with a survey of the abdomen. Using the bladder as a reference point, image and follow the uterine horns to either side (Ji and Phoon, 2005) . (Greco et al., 2013) . (Norris et al., 2013) .
During early pregnancy (E8.5 to E10.5), the embryos align along either side of the mouse abdomen. As the pregnancy progresses, the uterine sacs will "turn" inward and posteriorly, although often, one can still track embryos/fetuses through about E14.5 to E15.5. Beyond this stage in pregnancy, we believe it becomes impossible to track individual fetuses. Others, too, have acknowledged this challenge
Because specific imaging planes are needed, freehand imaging of prenatal mice is the preferred approach. One may need to make minute (<mm) adjustments in transducer positioning (translational, rotational, and angular movements) to achieve the appropriate imaging plane. One must have a very steady hand to image prenatal mice well, and supports for the arms and hands are suggested. A second observer is strongly recommended to work the controls. This way, the imager can focus on the image itself and on keeping track of which embryo is being imaged, while the other observer helps to record and label the images and place the Doppler sample volume as appropriate.
Blood is echogenic up through about E16 to E17 due to nucleated red cells. Therefore, the endocardium is not well-visualized. (Ji et al., 2003; Phoon et al., 2004; Nomura-Kitabayashi et al., 2009; Phoon et al., 2012) . Additional . The pulsatile positive deflection is the umbilical artery, while the more continuous negative deflection is the umbilical vein. In C and D, the maternal EKG and respiratory waveforms are shown at the bottom, which help monitor the pregnant mouse during embryonic/fetal imaging.
Obtain a number of imaging planes (see Figs. 6 and 7).
We have relied most on the 4-chamber view (B-mode, color Doppler mapping, and spectral Doppler especially of the AV inflow and aortic outflow), spectral and color Doppler of the dorsal aorta, and spectral and color Doppler of the umbilical vessels
information can be obtained from the vitelline circulation Phoon, 2006) .
A typical echocardiogram of a pregnant mouse will take 30 to 60 min, depending on the number of parameters measured. Several minutes are required for sedation, preparation, and warming to an appropriate core temperature.
6. When imaging is completed, wipe off the gel, remove the mouse from the imaging platform, and place it back in the cage.
7. Monitor all mice post-anesthesia.
Perform post-imaging analysis.
Using the software within the imaging system, we make a number of measurements (Table  1) . Preferably, the observer is blinded to the experimental condition in order to avoid measurement bias. (Liu et al., 2013; Liu et al., 2014) .
The Lo lab group has employed a 2-tier approach to screening for cardiac anomalies in a forward mutagenesis screen, using a lower-frequency, clinical ultrasound system for the first level of screening then moving to the Vevo systems for improved resolution. The reader is referred to their papers for details
Newer Technologies: Annular Array Transducers for Fetal Mouse Echocardiography
The technology for in vivo echocardiography in mice has improved significantly in recent years. The commercial scanners now available offer high frequency (30 to 50 MHz) linear array transducers with high spatial and temporal resolution for improved dynamic and functional analyses. Despite these advances, the current linear array transducers still present limitations in spatial resolution, especially in the elevation (out-of-plane) direction, where the width of the ultrasound beam is significantly larger than in the azimuthal (in-plane) direction. This can be problematic for analyses of very small cardiovascular structures in mouse embryos, especially at earlier stages (E10.5 to E14.5) when many morphological and functional changes occur and when many cardiac-specific phenotypes are first manifested in mutant embryos. These considerations have led us investigate the
Cardiovascular
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Volume 6 Current Protocols in Mouse Biology utility of annular array transducers that provide axi-symmetric focusing, integrated into scanners with 3D image acquisition more suitable for in utero studies of developing mouse embryos (Aristizábal et al., 2006; Aristizábal et al., 2013) .
Quantitative comparisons of imaging performance in phantoms designed to detect these differences have clearly shown that axi-symmetrically focused annular array transducers have superior spatial resolution compared to commercially available linear arrays (Filoux et al., 2011; Filoux et al., 2012) . These gains in resolution have translated into improved capability for 3D in utero analyses of brain development (Aristizábal et al., 2013) . Since the annular array transducers cannot be used to steer the beam off axis, they must be mechanically scanned to acquire 2D and 3D image data, which necessitates motion-gated acquisition, similar to most MRI methods. Respiratory-gated ultrasound biomicroscopy (UBM) was shown to be sufficient for high-throughput 3D fetal brain imaging (Aristizábal et al., 2013) , but 3D imaging of the beating mouse heart will require combined respiratory and cardiac gating ). In the case of in utero echocardiography, where an EKG signal is not available, it is possible to employ a Doppler ultrasound signal as the trigger for cardiac gating ).
VASCULAR IMAGING: ULTRASOUND
Vascular imaging is valuable in mouse models of atherosclerosis, vascular interventions, or to determine the success (degree) of transverse aortic constriction (Hartley et al., 2011; Ram et al., 2011) . Atherosclerotic lesions, an abnormally thickened intima-media layer, and vascular thromboses may be directly imaged with high resolution ultrasound (Choudhury et al., 2004; Chatterjee et al., 2014; Zhang et al., 2015) and also enhanced with specific contrast agents (Wang et al., 2012; Foss et al., 2015) . Arterial stiffness may be determined by the pulse wave velocity (Hartley et al., 2011; Chatterjee et al., 2014) or a combination of aortic diameter and invasive blood pressure measurements (Kuo et al., 2014) ; for a more precise determination of localized arterial wall characteristics, pulse wave imaging has more recently been developed (Fujikura et al., 2007; Nandlall et al., 2014) . Similarly, arterial wall strain may now be measured, as well (Favreau et al., 2014) . To achieve the highest B-mode resolution images in general, the long axis of the vessel should be approximately orthogonal to the ultrasound beam; in contrast, Doppler beams must be placed as close to parallel to the artery as possible. Representative images from our lab of the normal aorta, aortic arch, and carotid artery are shown in Figure 8 .
CARDIOVASCULAR MRI
MRI is now used for cardiac and vascular imaging in many human patients, although generally as a secondary modality following an initial exam with echocardiography. Over the past decade, dedicated high-field (ࣙ7 Tesla) MRI systems have become more common for small animal imaging, and many biologists now consider incorporating MRI into studies of the mouse cardiovascular system. Traditional MRI images derive tissue contrast from differences in proton density, T1 or T2 relaxation times, but other methods also are available to show differences in diffusion, perfusion, or blood flow. This makes MRI a very flexible imaging modality compared to echocardiography, with many options for manipulating image contrast. MRI offers additional advantages over echocardiography including intrinsic three-dimensional image acquisition along imagedefined projections so that assumptions about LV geometry do not need to be made (as is often the case with echocardiography) and the ability to study many pathophysiological parameters in a single session, including energy metabolism (Akki et al., 2013) . Despite these apparent advantages, it must be recognized that MRI in mice, especially at fetal and neonatal stages, is very challenging due to the small size of the cardiac chambers and blood vessels, the rapid heart rates, and the short T2 relaxation times at high field strengths. For most biologists, cardiac MRI can only be successfully undertaken in collaboration with a team that specializes in these approaches.
Cardiac MRI offers similar capabilities and advantages as echocardiography: cine MRI for in vivo and longitudinal measurements of LV size, shape, and wall thickening at relatively high spatial resolution (ß100 μm isotropic); strain imaging via myocardial tagging; and myocardial perfusion studies via arterial spin labeling or dynamic contrastenhanced MRI (reviewed in Epstein, 2007) . Contrast agent-enhanced studies can also be employed to assess myocardial infarction and for molecular imaging with targeted contrast agents (reviewed in Epstein, 2007; Vandsburger and Epstein, 2011) . Moreover, MR spectroscopy permits the study of cardiac metabolism, both in vivo and in the isolated perfused heart (Epstein, 2007; Akki et al., 2013) . Unlike echocardiography, most cardiac MRI approaches are not real time. Rather, MRI data are acquired using gating methods over a number of heartbeats, with the implicit assumption that each cardiac cycle is similar to the previous. Cardiac MRI often complements echocardiography for certain pathophysiological questions, such as post-myocardial infarct healing . Below, we sketch out the main requirements for cardiovascular MRI in mice at both postnatal and fetal stages.
In Vivo MRI of Mice
Mice must be maintained under anesthesia, and their physiological status carefully maintained and monitored during in vivo MRI acquisitions, which are often performed for extended time periods up to ß3 hr. During this time, the mouse is secured in a holder (usually custom made) designed to facilitate anesthesia gas delivery, physiological Figure 9 In utero MRI of an E17.5 fetal mouse heart. After motion correction and cardiac gating, color coded volumetric renderings of the four chambers in a beating fetal mouse heart shows differences between diastole (A) and systole (B). Right ventricle, RV (purple); left ventricle, LV (red); right atrium, RA (blue); left atrium, LA (yellow).
monitoring, and reproducible positioning within the radiofrequency (RF) coil that acquires the MRI data. Isoflurane gas is most commonly used for anesthesia in mice (induced with 4% to 5% and maintained at ß1.0% isoflurane in air). For cardiovascular imaging, it is important that core temperature (monitored with a rectal temperature probe) be maintained close to 37°C using circulated warm water or air. EKG electrodes are typically incorporated into the mouse holder to monitor heart rate and to provide the trigger signal for cardiac-gated acquisition. A respiratory pillow can be used to monitor the breathing rate. Reliable EKG and respiratory signals can be very difficult to obtain in early postnatal mice, and we prefer to use modified "self-gated" pulse sequences that detect respiratory and/or cardiac motion directly from the acquired MRI signals ).
For in utero MRI it is impossible to use external devices to detect fetal motion. Instead, we employ a self-gated gradient echo sequence-sensitive to the endogenous contrast of the embryonic mouse blood-together with image co-registration to obtain 3D cine images of the beating heart Fig. 9 ) and cerebral vasculature (BerriosOtero et al., 2012; Parasoglou et al., 2013) . More specialized pulse sequences would be required for strain imaging and perfusion studies, but, in principle, any existing pulse sequence could be modified to incorporate self-gating for motion compensation. In practice, in utero images have a very limited signal-to-noise ratio (SNR), and more specialized cardiac MRI studies have not been demonstrated in mouse embryos. In future, dedicated hardware and software will be required for improved in utero imaging in mice.
In particular, improved RF coil arrays for small animal MRI might enable extended field-of-view (FOV) images to map out the position of multiple embryos, followed by single-coil small FOV images of individual embryos. Coil arrays for parallel imaging could also be combined with sparse data reconstruction (compressed sensing) methods, to accelerate image acquisition and/or improve SNR as recently reported in adult mouse cardiac MRI (Prieto et al., 2012; Buonincontri et al., 2014) .
Ex Vivo MRI of Fixed Samples
Although MRI is often considered because of its potential for in vivo imaging, it can also be used for nondestructive ex vivo imaging of fixed tissues. This approach has been utilized extensively for studies of embryonic cardiovascular development, dating back to the pioneering reports of Smith, Johnson, and co-workers (Smith et al., 1994; reviewed in Smith, 2001) . Although functional studies of cardiac dynamics and blood flow studies are obviously not possible, ex vivo MRI has been very useful for analyzing cardiac and large vessel structural phenotypes in mutant mouse embryos (Huang et 1998; Bamforth et al., 2004; Wadghiri et al., 2007; reviewed in Turnbull and Mori, 2007; Nieman and Turnbull, 2010) . Ex vivo MRI is inherently motion free, and scans are generally run overnight for many hours to obtain high-resolution (20 to 50 μm isotropic) 3D images. A number of centers have implemented multiple-sample overnight ex vivo imaging, making use of otherwise unused scanner time and providing high-throughput approaches for screening new mutant mice at defined developmental stages Zhang et al., 2010; reviewed in Nieman and Turnbull, 2010) .
For ex vivo MRI, mice are euthanized and tissue samples are dissected, fixed, and mounted in the RF coil for imaging (Dhenain et al., 2001) . For vascular imaging in mid-to late-stage embryonic mice, perfusion fixation is preferred, using a contrast agent solution to preferentially enhance the vasculature and performing imaging on the whole embryo (see below). For ex vivo MRI, fixed embryos or tissue samples are immersed in 4% paraformaldehyde in PBS overnight (or longer) at 4°C, after which they can be stored in PBS. The fixative and/or storage medium is often "doped" with an MRI contrast agent, usually a chelated gadolinium (Gd) compound such as DTPA-Gd or DOTA-Gd (2 to 3 mM concentration in the fixative), to increase the SNR of the resulting T2-weighted MRI images (Petiet et al., 2008) . For imaging, the samples are embedded in 1% to 3% agar, or immersed in proton-free fluid (Fomblin or Fluorinert) to reduce the background signal. Samples are then placed within a close-fitting RF coil for ex vivo MRI.
Perfusion Fixation with Contrast Agents for Ex Vivo MRI
For ex vivo MRI of embryonic vasculature, we employ protocols similar to those first described by Smith and co-workers (Smith, 2000; Smith et al., 1994) . Timed pregnant mice (where E0.5 denotes noon of the day after overnight breeding) are anesthetized and the uterus accessed through laparotomy. Individual embryos are surgically removed from the uterus, maintaining the vascular connections to the placenta and warmed in 37°C PBS to keep the heart beating normally at the start of the perfusion. Under a dissection microscope, the umbilical vein is identified and cannulated with a pulled glass microcapillary needle, and the embryo is perfused with a slow flow rate (ß0.1 to 0.15 ml/min) pump: (1) starting with warm PBS containing heparin (5000 U/liter); (2) followed by fixative (2% [v/v] glutaraldehyde, 1% [v/v] formalin in PBS); and (3) finally followed by the contrast agent, bovine serum albumin (BSA) conjugated to DTPA-Gd (BSA-DTPA-Gd; 1 mM) dissolved in 10% (w/v) gelatin solution. For full perfusion of all blood vessels, the umbilical vein is used for all three perfusates; when selective enhancement of the cerebral arteries was desired, we found that a timed perfusion of the contrast agent through the umbilical artery worked best (Berrios-Otero et al., 2009; Fig. 10) . Recently, a novel approach for contrast-enhanced micro-CT has been shown to generate more complete cerebral vascular filling by directing the contrast agent through the posterior brain arteries , a method that could easily be adopted for ex vivo MRI. After perfusion, the umbilical vessels are ligated, and the samples are immersed in 4°C fixative to solidify the gelatin and completely fix the tissue. Ex vivo MRI is then performed on the fixed embryos, as described above.
Image Analysis Methods
Although we have focused on the acquisition of ultrasound and MRI data related to cardiovascular structure and function, data analysis is an equally important subject, but one that will only be discussed briefly here. Most work to date has relied on qualitative observations from 2D and 3D images and rudimentary quantitative analysis of anatomical (e.g., LV area, volume) and functional (e.g., peak blood velocity, ejection fraction) parameters. Several groups are developing automated registration-based ex vivo MRI morphometry approaches for cardiovascular phenotype analysis in mutant mice (Zamyadi et al., 2010) . While simple measurements of isolated geometric factors (branch length and angles) in complex vascular trees may suffice to characterize obvious defects in vascular patterns (Berrios-Otero et al., 2009) , ultimately a more systematic and automated approach is required to detect and characterize subtle (non-lethal) vascular phenotypes (Dorr et al., 2007) on both the structural and functional levels (Yang et al., 2010; .
Molecular Imaging of Vasculature
Like ultrasound, MRI can also provide information on vascular biology, including mouse models of atherosclerosis (Millon et al., 2014) . For phenotype analysis in mouse models, combined structural, functional, and molecular imaging has the potential to provide a more complete picture of the complex molecular and mechanical events driving cardiovascular development and disease. Molecular imaging of mouse vasculature has been demonstrated with both ultrasound (reviewed in Lindner, 2010) and MRI (reviewed in Artemov et al., 2004) , using intravascular injection of contrast agents (microbubbles for ultrasound; Gd chelates or iron oxide nanoparticles for MRI) that are targeted to receptors on the surface of vascular endothelial cells via receptor-ligand binding. Notably, α v β 3 -integrin and VEGFR2, which are highly expressed in tumors and vascular pathologies, have both been reported as viable targets for molecular imaging with MRI and ultrasound. Unfortunately, receptor-ligand binding affinities are relatively low and can be limiting in the presence of shear forces associated with blood flows in the cardiovascular system. Moreover, targeted imaging as described above is limited to extracellular proteins, leaving many intracellular molecules inaccessible to imaging studies.
To address these limitations in current molecular imaging technology, we developed a novel "Biotag" transgene for biotinylation of cell membranes, allowing them to be targeted with (strept)avidinated contrast agents (Bartelle et al., 2012; Fig. 11 ). The Biotag transgene can be used for molecular imaging of vasculature with ultrasound and MRI (and other imaging modalities) and has been demonstrated to be an effective approach in both embryonic and adult models of angiogenesis. Biotag expression, and subsequent membrane biotinylation, can be driven from the regulatory elements of any gene by generating the appropriate transgenic or knock-in mouse reporter line, making it possible to extend molecular imaging to a wide variety of genetic factors involved in vascular development and disease. Future development of other expressible reporters that can be detected with MRI and/or ultrasound will likely have a significant impact on the use of cardiovascular imaging in mouse models.
ADDITIONAL SPECIALIZED CARDIOVASCULAR IMAGING APPROACHES Optical Coherence Tomography
Optical coherence tomography (OCT) is conceptually analogous to ultrasound, except that it measures the echo time delay and magnitude of light instead of ultrasound (Fujimoto, 2003) . Because optical echoes cannot be measured directly due to the speed of light, OCT uses coherence interferometry instead to obtain data which can be used to then generate an image (Fujimoto, 2003; Garcia et al., 2015) . Advantages of OCT include very high spatial resolution-in the micron to submicron range-using state-of-the-art laser technology. However, there is a trade-off with depth of penetration in the range of 2 to 3 mm only, due to signal attenuation and scattering (Fujimoto, 2003; Drexler et al., 2014; Garcia et al., 2015) . Although OCT has been used more extensively in non-mammalian model systems, this shallow depth of penetration limits its utility in mouse cardiovascular
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Volume 6imaging, where much of the work has focused on imaging of cultured mouse embryonic hemodynamics during development (Larina et al., 2008; Larina et al., 2011; Larina et al., 2012; Garcia et al., 2015) , although in utero imaging is feasible (Larina et al., 2011) . More recently, techniques have been developed for imaging of (isolated Langendorff) adult mouse hearts by implementing multiperspective imaging and optical clearing that permit insights into tissue characteristics (Cua et al., 2014) . The imaging approaches outlined above are not in vivo, but recent reports suggest utility of OCT as an intravital vascular imaging modality, specifically in a mouse hind limb ischemia model (Poole et al., 2013) .
Optical Projection Tomography
Optical projection tomography (OPT) fills a niche that allows high-resolution imaging of whole mouse embryos (Sharpe et al., 2002) . From an emitted, focused light source and rotated sample, OPT utilizes projection tomography and in situ immunostains to generate a three-dimensional image of a whole embryo's gene expression patterns. OPT has been utilized for imaging the developing cardiovascular system and particularly the developing vasculature ex vivo (Ruijter et al., 2004; Walls et al., 2008; Anderson et al., 2013) . Most OPT has been performed on fixed and optically cleared specimens, but more recently, live OPT imaging has been achieved (Colas and Sharpe, 2009 ). Live cardiovascular imaging of the developing mouse embryo is still at rudimentary stages, however, and the next challenges are to overcome imaging artifacts inherent in cardiac motion (Colas and Sharp, 2009 ). In the adult mouse heart, a Born-normalized near-infrared fluorescence OPT imaging system has been more recently described, which allows imaging of spatiotemporal dynamics of diverse cells by quantitating and resolving molecular agents within the imaged heart (Vinegoni et al., 2012) .
Live Confocal Microscopy
Cultured mouse embryos have also been imaged with live confocal microscopy. Specifically, the yolk sac vasculature of the developing mouse embryo can be interrogated to characterize evolving hemodynamics that contribute to overall mouse cardiovascular development .
